Immunoblot analyses of intestine and liver nuclear extracts and crude membrane fractions
Membrane and nuclear fractions were prepared from the tissues of four or fi ve mice (approximately 125 mg wet weight of enterocytes or 75 mg liver per mouse), and equal aliquots from each mouse were pooled and subjected to SDS-PAGE and immunoblot analysis ( 12, 23, 31, 32 ) . For enterocytes, polytron homogenization was performed at 50% power for 10 s. NPC1L1 antibody was a kind gift of Helen Hobbs and Jonathan Cohen (UT-Southwestern Medical Center) . Quantitative densitometry was performed using ImageJ software (National Institutes of Health).
Isolated intestine epithelial cell preparation
A crude intestine epithelial preparation was performed as described (33) (34) (35) . Briefl y, the intestine was dissected, and attached mesentery was completely removed. The lumen was fl ushed with normal saline. The fi rst ‫ف‬ 6 cm segment, terminating just distal to common bile duct insertion, was divided and termed duodenum. The remaining small intestine was divided into two sections of equal length, the proximal termed jejunum and distal half termed ileum. In some experiments, jejunum and ileum were divided again into two segments of equal length, termed the fi rst and second segments of jejunum or ileum, respectively. Intestine segments were opened length-wise and cut into 5-6 cm lengths so that the mucosa was completely effaced, and then placed into plastic tubes containing 15 ml of KRBE (Krebs-Ringer bicarbonate buffer containing 120 mM sodium chloride, 4.6 mM potassium chloride, 0.5 mM magnesium chloride, 10 mM D-glucose, 0.7 mM sodium phosphate dibasic, 1.5 mM sodium phosphate monobasic, 15 mM sodium bicarbonate, 1 mM DTT, and 1.5 mM EDTA, pH 7.4) in a shaking 37°C water bath for 20 min. For colonic segments, 10 mM EDTA was used. The intestine remnants were removed, and the cell suspension was put on ice and passed through a 100 M cell strainer (#352360; BD Falcon). The cells were collected by centrifugation at 1000 g for 5 min. Cell pellets were washed with ice-cold KRBE buffer, collected by centrifugation the ER membranes rises (10) (11) (12) . Insigs also have a second action in feedback regulation of cholesterol synthesis; namely, they mediate sterol-regulated proteolytic degradation of HMG-CoA reductase (HMGR), a key enzyme required for mevalonate and cholesterol synthesis ( 13, 14 ) .
Recent studies have shown that two factors affect posttranscriptional regulation of the LDLR. The fi rst factor is proprotein convertase subtilisin/kexin type 9 (PSCK9), a secreted protein that degrades LDLRs and is a SREBP-2 target gene regulated coordinately with the LDLR and other SREBP-2-responsive genes ( 15, 16 ) . PCSK9 potently regulates hepatic LDLRs ( 17 ) , but its effects in other tissues are less well defi ned. PCSK9 does not function to degrade LDLRs equally well in all tissues. For instance, it does not appear to degrade LDLRs in adrenal glands ( 17 ) . Overexpression of hepatic PCSK9 reduced LDLRs in the ileum by 33% ( 18 ) . The second factor is inducible degrader of LDLR (IDOL), a recently described E3 ubiquitin ligase that mediates lysosomal degradation of polyubiquitinated LDLRs and is a transcriptional target of liver X receptors (LXR) (19) (20) (21) , which are nuclear hormone receptors that are activated by oxysterols ( 22 ) . Like PCSK9, IDOL's propensity to degrade LDLRs is tissue selective; administration of LXR agonists induced IDOL and degraded LDLRs in macrophages and intestine, but not in liver ( 19 ) .
Sterol depletion, through activation of SREBP-2 processing, increases the transcription of both LDLR and PCSK9 ( 23, 24 ) . In livers of mice, these two opposing effects counteract each other so that LDLR protein levels do not increase in response to sterol depletion with statin treatment ( 23 ) . On the other hand, sterol excess, as can be caused by cholesterol feeding, inhibits hepatic SREBP processing and reduces the expression of target genes, such as LDLR, PCSK9, and others ( 12, 25 ) . Furthermore, cholesterol feeding induces LXR activity and increases the expression of its target genes ( 26, 27 ) . Whether pharmacologic sterol depletion modulates PCSK9 and IDOL expression in intestine in the same fashion as in liver remains an open question.
In the current studies, we explore the role of SREBPs and LXRs in the transcriptional and posttranscriptional regulation of intestinal cholesterol homeostasis. We induce a state of sterol depletion in enterocytes though the administration of ezetimibe (EZE), a widely used drug that blocks sterol absorption in enterocytes by inhibiting the transport function of Niemann-Pick C 1-like 1 protein (NPC1L1) ( 28 ) . We characterize the effect of ezetimibe on SREBP processing and steady-state levels of HMGR and LDLR, the two key proteins that control de novo sterol synthesis and LDL uptake. The data show that blocking one of the three sources of enterocyte cholesterol, namely, lumenal cholesterol uptake, causes enterocytes to respond by upregulating the molecules needed for the other two sources, namely, LDL uptake and de novo sterol synthesis. This response is mediated by a complex network involving SREBP-2, LXR, PCSK9, and IDOL.
We used immunoblots and quantitative real-time PCR to measure the protein and mRNA levels of two key SREBP-2-regulated genes, HMGR, which catalyzes the rate-limiting step of cholesterol biosynthesis, and LDLR, which is responsible for the majority of LDL uptake. Both proteins increased markedly after ezetimibe administration ( Fig. 1A ) . Posttranscriptional regulation of protein stability for both HMGR and LDLR has been well described in cultured cells and liver ( 14, 20, 40 ) . Fig. 1B shows the relative changes in protein and mRNA levels for HMGR and LDLR. Whereas treatment with the highest dose of ezetimibe (0.03% w/w) caused a modest 1.5-fold increase in HMGR mRNA, a dramatic 30-fold increase in HMGR protein was observed. Similarly, this dose of ezetimibe provoked increases in LDLR mRNA and protein by 2.2-fold and 10-fold, respectively. The relative increases in protein were much greater than the increases in the respective mRNAs, which suggests that ezetimibe affects posttranscriptional modes of regulation as well as transcriptional ones.
Ezetimibe causes SREBP-2 and its targets to redistribute to middle and upper villus enterocytes of the jejunum
To determine whether the effect of ezetimibe on SREBP-2 and its downstream targets correlates with NPC1L1 expression, intestines from ezetimibe-treated and control mice were divided into anatomic segments proximally to distally from duodenum to colon, and enterocytes were isolated and subjected to immunoblot analysis ( Fig. 2A ). In agreement with previous studies, NPC1L1 expression was highest in the jejunum and absent in the colon ( 38 ) . Ezetimibe treatment did not alter NPC1L1 levels in any intestinal segment. In animals not treated with ezetimibe, precursor and nuclear SREBP-2 was most abundant in the distal intestines, including ileum and colon ( Fig. 2A , lanes 4-6) . These data agree with prior studies in hamsters that reported higher levels of SREBP-2 and LDLR mRNA in distal versus proximal small intestine ( 41 ) . In contrast, following ezetimibe administration, nuclear SREBP-2 was readily detectable in the proximal intestines from duodenum to distal jejunum, and its level in the proximal ileum increased as well ( Fig. 2A , lanes 7-10) . LDLR showed the same shift in distribution with enrichment in the proximal intestine after ezetimibe treatment, as was seen with nuclear SREBP-2, in agreement with the idea that SREBP-2 is controlling LDLR expression in the intestines. In the absence of ezetimibe, HMGR was most abundant in the distal ileum, in agreement with prior studies in mice that reported higher levels of de novo sterol synthesis in distal versus proximal small intestine ( 42 ) . Following ezetimibe treatment, HMGR also increased greatly from duodenum through the ileum, with peak expression in the jejunum.
Fig . 2B -E shows immunohistochemical analysis for HMGR in mouse jejunal villi following ezetimibe treatment. Ezetimibe treatment had no apparent effect on overall villus structure by light microscopy ( Fig. 2D, E ) . Without ezetimibe, cytoplasmic HMGR staining in enterocytes and stromal cells could be detected at low levels in patches along the villus and in the crypts ( Fig. 2B ). Following at 1000 g for 5 min, and immediately frozen at Ϫ 80°C for protein or biochemical analysis or immediately homogenized in RNA STAT-60 for mRNA analysis.
Isolation of enterocytes in a gradient along the crypt/villus axis was performed by the method previously described ( 36 ) . Briefl y, after dissection, washed jejunal segments were placed in tubes containing 20 ml of citrate buffer (27 mM sodium citrate, 96 mM sodium chloride, 1.5 mM potassium chloride, 8 mM potassium phosphate dibasic, 5.6 mM sodium phosphate dibasic, 1 mM DTT, pH 7.3) at 37°C for 5 min. Jejunal segments were then transferred into tubes contained 15 cc prewarmed PBSE buffer (Ca 2+ and Mg
2+
-free PBS with 1.5 mM EDTA and 1 mM DTT, pH 7.3) in a shaking 37°C water bath. Cell-containing supernatants from eight sequential fractions were collected after incubation for 11, 17, 23, 29, 35, 45, 60 , and 80 min. After each time point, the jejunal pieces were transferred into new tubes with 15 ml of fresh, prewarmed PBSE buffer and put back into shaking water bath. Cell suspensions were strained, pelleted, and frozen as described above. Alkaline phosphatase activity from the cell pellets was measured in triplicate by the manufacturer's protocol (#72146; Anaspec). Fractions were divided into tertiles of alkaline phosphatase activity and pooled into upper (fractions 1-3), mid (fractions 4 and 5), and lower (fractions 6-8) villus/ crypt specimens.
Histology
Jejuna were fi xed in 4% paraformaldehye in PBS overnight at 4°C. The fi xed tissues were embedded in paraffi n, sectioned at 5 M, and immunohistochemistry was performed using anti-HMGR rabbit polyclonal antibody or preimmune antiserum at 6 g/ml as previously described ( 37 ) .
RESULTS

Blockade of lumenal cholesterol transport with ezetimibe upregulates intestinal SREBP-2 and its key targets, HMGR and LDLR
To study the effects of sterol deprivation on SREBPmediated sterol homeostasis in enterocytes, mice were fed with ezetimibe, and intestinal epithelial cells were prepared by EDTA chelation. We studied the epithelial cells rather than intact intestines because enterocytes selectively express the target of ezetimibe action, the cholesterol transporter NPC1L1 ( 38 ) . Inasmuch as the jejunum is the predominant organ responsible for cholesterol absorption, initial studies focused upon cells isolated from the jejunum. Fig. 1A shows immunoblot analysis of pooled enterocyte membrane fractions and nuclear extracts from mice fed with the indicated concentrations of ezetimibe for fi ve days. In prior studies of mice, ezetimibe produced a 92% reduction in fractional cholesterol absorption at a dose approximating the 0.01% w/w group in Fig. 1 ( 39 ) . We observed a dose-dependent increase in the content of precursor and nuclear SREBP-2, the SREBP isoform that predominantly drives the expression of genes involved in cholesterol synthesis and uptake ( 6 ) . At the highest dose of ezetimibe, there was an 8-fold increase in active, nuclear SREBP-2. In contrast, ezetimibe had less effect on the content of precursor and nuclear SREBP-1. The protein levels of NPC1L1 and calnexin were not affected by ezetimibe administration. Supplemental Material can be found at: ( 44, 45 ) . Ezetimibe provoked a redistribution of these factors, such that their levels in the upper villus were increased. The levels of a control protein, calnexin, were equal in all fractions. The ratio of protein levels in ezetimibe-treated compared with untreated specimens is plotted in Fig. 3D . The ratio of HMGR protein in the upper villus was 20-fold, and it declined to 2.5-fold in the lower villus and crypt, owing primarily to increased HMGR levels in the lower villus and crypt of untreated mice. Similar trends for nuclear SREBP-2 and LDLR were noted, whereas the ratio for calnexin was 1.0 and invariant across the crypt axis.
Ezetimibe suppresses IDOL, an LXR-responsive degrader of LDLR
The above data are consistent with the hypothesis that ezetimibe blocks apical cholesterol infl ux by antagonizing NPC1L1, which depletes enterocyte ER membrane cholesterol to induce SREBP-2 processing and expression of genes required for cholesterol uptake from the plasma and for endogenous sterol synthesis. To verify that the entire genetic program required for cholesterol biosynthesis becomes activated in response to ezetimibe and to uncover clues to explain the apparent discrepancy between the relative increases in mRNA and protein for LDLR and HMGR, microarray analysis of jejunal mRNA was performed (supplementary Fig. I ) on mice treated with ezetimibe and compared with untreated controls. As expected, the ezetimibe administration, dense cytoplasmic HMGR staining was visualized in enterocytes, along both the apical and basolateral aspects of the enterocytes, without obvious enrichment in the stromal cells ( Fig. 2C ). This enrichment in HMGR staining was most dramatic in the mid and upper villus.
To better defi ne the effect of ezetimibe on the anatomic distribution of SREBP-2 and its effectors along the crypt/ villus axis, enterocytes from ezetimibe-treated and control mice were isolated in a gradient from villus tip to crypt. The tissue fractionation was validated by measuring markers of DNA synthesis and absorptive cell differentiation: proliferating cell nuclear antigen (PCNA) protein levels and alkaline phosphatase (AP) activity, respectively. Cells were isolated from tip to crypt in eight sequential fractions and pooled into three groups by virtue of decreasing AP activity. Fig. 3B shows that irrespective of ezetimibe treatment, cells in the early fractions ("upper villus") had the highest AP activity and lowest PCNA levels, cells in the middle fractions ("middle villus") had intermediate AP activity and PCNA levels, and cells in the late fractions ("low villus and crypt") had the lowest AP activity and highest PCNA levels, as has been described previously ( 43 ) . In the absence of ezetimibe, levels of precursor and nuclear SREBP-2, HMGR, and the LDLR were highest in the low villus fractions ( Fig. 3C ), in agreement with previous reports that sterol synthesis, LDL uptake, and mRNAs for SREBP-2 and LDLR are highest in the low villus and crypt Immunoblot analysis of nuclear extracts and membrane fractions from 11-week-old male C57BL/6J mice fed increasing concentrations of ezetimibe in the diet for three days. Jejunocytes (fi ve mice per group) were separately fractionated, and equal amounts of protein from each mouse were pooled; 30 g aliquots of the membrane and nuclear extract fractions were subjected to SDS-PAGE and immunoblot analysis. The precursor and nuclear forms of SREBPs are denoted as P and N, respectively. Asterisks denote nonspecifi c bands.
Immunoblots of CREB and calnexin were used as loading controls for the nuclear extract and membrane fractions, respectively. (B) Comparison of relative mRNA levels and protein levels of HMG-CoA reductase and LDLR. Immunoblots from panel A were scanned and quantifi ed by densitometry (fi lled circles). Total RNA from jejunocytes (fi ve mice per group) was separately isolated; equal amounts of RNA from each mouse were pooled and subjected to quantitative real-time PCR using cyclophilin as the invariant control (open circles). Each value represents the relative mRNA level or protein level in ezetimibe-treated mice compared with control mice who did not receive ezetimibe (0.0%), which was arbitrarily defi ned as 1.0. 
To test this hypothesis, mice were treated with ezetimibe either alone or in combination with an exogenous LXR agonist, T0901317. In the intestine, ezetimibe alone produced the expected increase in LDLR protein and decrease in IDOL mRNA ( Fig. 5A , lane 2, and 5B). No change in LRP, an LDLR family member resistant to IDOL-dependent degradation ( 19, 49 ) , was observed. T0901317 increased IDOL expression and decreased jejunal LDLR protein without affecting LDLR mRNA ( Fig. 5A , lane 3, and 5B). Coadministration of ezetimibe with T0901317 largely prevented both the ezetimibe-induced decrease in IDOL mRNA and the increase in LDLR protein levels ( Fig. 5A , lane 4) . Importantly, the LDLR mRNA level in the intestine was induced equally by ezetimibe with or without T0901317 ( Fig. 5B ) . Scap mRNA levels were not altered by ezetimibe or T0901317 administration. Hepatic levels of LDLR and LRP protein were not altered by ezetimibe or T0901317 ( Fig. 5A , lanes  5-8) . In Fig. 5C , the level of LDLR protein content is plotted as a function of IDOL mRNA level for the four experimental groups from Fig. 5A , B . Because antibodies capable of detecting endogenous IDOL are not readily available, IDOL mRNA was used here as a surrogate for its activity. A negative relation between IDOL and LDLR protein level was noted in intestine but not in liver. These data show that ezetimibe's effect to increase LDLR number can be abrogated by maintaining an artifi cially high level of IDOL. mRNA for nearly every gene that encodes an enzyme required for conversion of acetyl-CoA to cholesterol, which are known to be SREBP-2 target genes, was increased ( 46 ). Seventeen out of 22 genes were upregulated by at least 2-fold, and an additional 3 genes were increased by at least 50%. Only 2 genes, sterol C5-desaturase and 24-dehydrocholesterol reductase (DHCR24) had unchanged expression. Of other known SREBP-2 target genes not directly involved in cholesterol biosynthesis ( 46 ) , only 3 genes were increased by at least 2-fold: Insig1, PCSK9, and aldolase C.
The microarray analysis also revealed that the expression levels of several LXR-responsive genes, such as ABCA1, were decreased. This fi nding agrees with prior studies that reported decreases in the intestinal expression of ABCA1, ABCG5, and ABCG8 in response to ezetimibe in multiple species ( 47, 48 ) . Although the mechanism for this effect is unclear, the reduced sterol fl ux associated with NPC1L1 blockade may reduce the availability of endogenous LXR ligands. Of these LXR-responsive genes, the expression of IDOL was decreased by 70%. These gene expression changes were confi rmed by quantitative real-time PCR ( Fig. 4 ) .
Comprehensive studies by Tontonoz and colleagues ( 19, 20 ) have established that IDOL, an E3 ubiquitin ligase, promotes the degradation of LDLR. This raises the possibility that the ezetimibe-induced increase in intestinal LDLR protein levels is caused by a decrease in IDOL. knockout mice with or without ezetimibe exposure ( Fig. 6B , top panel) . Scap mRNA levels were not altered by ezetimibe administration or by PCSK9 ablation. In Fig. 6D , the level of jejunal LDLR protein content is plotted as a
Balance of PCSK9 and IDOL regulates jejunal LDLR content
The above results present an apparent paradox in that ezetimibe, which dramatically increases LDLR protein levels, differentially affects the expression of two negative regulators of LDLR, namely PCSK9 and IDOL. Ezetimibe reduces the expression of IDOL, which would be predicted to increase LDLR protein, but ezetimibe also increases the expression of PCSK9, which would be predicted to reduce LDLR protein. To assess whether the ezetimibe-induced increase in intestinal PCSK9 mRNA attenuates the increase in intestinal LDLR protein, ezetimibe was administered to mice with a germline ablation of PCSK9 and to matched wild-type mice ( 23 ) . In the intestine, the loss of PCSK9 was associated with a 4.5-fold increase in LDLR ( Fig. 6A , lane  2) . Ezetimibe treatment was associated with a 5.4-fold increase in LDLR ( Fig. 6A , lane 3) . Ezetimibe administration to PCSK9 knockout mice was associated with an 8.2-fold increase in the jejunal LDLR ( Fig. 6A , lane 4) , which is close to the predicted response if the individual fold increases in LDLR from PCSK9 ablation or from ezetimibe treatment were summed arithmetically (i.e., 8.2-fold observed versus 8.9-fold expected). In liver, PCSK9 ablation was associated with a ‫ف‬ 3-fold increase in LDLR levels, which was not altered by ezetimibe administration ( Fig. 6A , lanes 5-8) . Levels of the control receptor LRP were equal across groups in both liver and intestine.
Importantly, the levels of intestinal LDLR and IDOL mRNA were similar between the wild-type and PCSK9 Immunoblots from panel C were quantifi ed by densitometry, and the ratio of expression for each crypt zone was calculated by dividing the value of the ezetimibe group by that of the untreated group. Fig. 4 . Ezetimibe-mediated changes in jejunal expression of key cholesterol homeostatic genes. Analysis of pooled data from four independent studies is presented. Ages 11-to 14-week-old male C57BL/6J mice were fed chow diets with or without 0.003% ezetimibe in the diet for three or four days. Total RNA from jejunocytes (four or fi ve mice per group in each of four studies) was separately isolated; equal amounts of RNA from each mouse was pooled and subjected to quantitative real-time PCR using cyclophilin as the invariant control. Each value represents the relative mRNA level or protein level in ezetimibe-treated mice compared with control mice who did not receive ezetimibe, which was normalized to 1.0. Each bar represents the mean ± SEM from the pooled data from four studies; overall n = 18 mice. The levels of statistical signifi cance between the control and ezetimibe-treated groups are indicated (paired Student t -test; * P < 0.05, ** P < 0.01). with a detectable increase in plasma or intestinal PCSK9 protein.
DISCUSSION
The current results confi rm that, to maintain sterol homeostasis in the face of ezetimibe-induced sterol depletion, enterocytes activate LDL uptake by increasing LDLR number and boost sterol synthesis by increasing the expression of HMGR and nearly all other genes needed for sterol synthesis. Both of these effects are mediated in part via activation of SREBP-2 processing. The increases in the levels of LDLR and HMGR proteins are more dramatic than would have been expected for the relatively modest increases in their cognate mRNAs, which suggests that posttranscriptional mechanisms are affected. These effects are concentrated in the enterocytes of the middle and upper villus of the jejunum, which contain the enterocyte population that is the most active in lipoprotein metabolism and presumably cholesterol absorption (51) (52) (53) . Whereas cholesterol synthesis and LDL uptake are most active in the lower villus and crypt ( 44 ) , ezetimibe function of IDOL mRNA level for the four experimental groups from Fig. 6A , B . Wild-type and PCSK9 knockout mice are plotted as separate curves. The slope of the relationship between LDLR and IDOL jejunal expression is similar for mice of both genotypes, but the curve is shifted rightward in the PCSK9 knockout mice. This indicates that the basal level of the LDLR is increased in PCSK9 knockout mice, but that the reduction by IDOL is the same in wild-type and knockout mice. Taken together, these data suggest that PCSK9 reduces basal LDLR levels in the intestine, and that the effect of ezetimibe is not dependent upon changes in PCSK9.
Although the jejunal PCSK9 mRNA was consistently elevated following ezetimibe administration, driven by the increase in nuclear SREBP-2 ( Figs. 4 and 6B ) , plasma PCSK9 levels were not altered in the ezetimibe-treated mice under these dosing conditions (data not shown). Jejunal PCSK9 mRNA levels were 20% of those seen in liver, and in the current studies, jejunal PCSK9 protein was not detected with antibodies that can detect endogenous PCSK9 in mouse liver ( 23, 50 ) . As such, the ezetimibe-induced increase in intestinal PCSK9 mRNA is not associated Immunoblot analysis of jejunocyte and liver membrane fractions from 15-to 18-week-old female C57BL/6J mice fed diets with or without 0.01% ezetimibe (for fi ve days) and 0.015% T0901317 (for two days) either singly or in combination. All mice were euthanized on the same day, and the T0901317 dosing was delayed so that it was given the two days preceding euthanasia. Jejunocytes or livers (fi ve mice per group) were fractionated and subjected to SDS-PAGE and immunoblot analysis. LRP served as loading control for the membrane fraction. lack Insig-1 and Insig-2 ( 11, 56 ) , which bind to HMGR in a sterol-dependent fashion to mediate its rapid proteosomal degradation. Alternatively, deficiencies in function of GP78 or other factors required for regulated proteosomal degradation of HMGR could be present ( 57 ) . We note that enterocyte GP78 levels are not affected by ezetimibe as measured by immunoblotting (data not shown). To test the hypothesis that altered Insig function or abundance contributes to the upregulation of HMGR abundance in enterocytes, further studies in mice with intestine-specifi c overexpression or ablation of Insig proteins are underway and are beyond the scope of the current studies.
The current studies highlight a previously undescribed connection between NPC1L1, LXRs, and LDLR through IDOL in the intestine. The intestinal mRNAs for several LXR-responsive genes, such as IDOL, ABCG5, and ABCG8, were reduced by ezetimibe. Lumenal sterols are likely acting to provide sterol ligands that activate LXRs in enterocytes, and the reduced sterol fl ux caused by ezetimibe reduces the concentrations of these ligands. Inasmuch as IDOL is an LXR-responsive gene, its expression is reduced in response to ezetimibe in the intestine. The increase in LDLR mRNA mediated by increased SREBP-2 processing, in concert with reduced IDOL expression mediated presumably through reduced LXR activity, led to a dramatic redistributes these processes to the middle and upper villus. These data indicate that the low rates of cholesterol synthesis and LDL uptake in the upper villus are attributable to constant cholesterol uptake into these cells that is mediated by NPC1L1. When NPC1L1 is blocked by ezetimibe, this repression is relieved and the cells respond by obtaining cholesterol from endogenous sources. It is signifi cant that SREBP-2 targets in the upper villus are repressed even when mice ingest a low-cholesterol diet. It is likely that this repression is mediated by the reabsorption of cholesterol from biliary secretions and from sloughing of the gut epithelium.
The current studies confi rm and extend prior studies that report increased LDLR and HMGR mRNAs in the intestines of miniature pigs, hamsters, and mice in response to ezetimibe, as well other reports that in vivo sterol synthesis rates in the intestine are increased by ezetimibe in hamsters and mice ( 39, 47, 54 ) . Ezetimibe has also been shown to increase whole-body fractional LDL clearance as estimated by apoB kinetics in miniature pigs and humans ( 54, 55 ) . On the basis of our current data, we speculate that the increased LDL uptake occurs largely in the jejunum rather than in the liver.
The mechanism for the ezetimibe-induced increase in HMGR protein remains unclear. This degree of elevation is reminiscent to what is seen in the tissues of mice that increase in steady-state LDLR protein levels. However, coincident with the increase in SREBP-2 processing was an increase in PCSK9 expression, which would be predicted to degrade intestinal LDLRs in response to ezetimibe. This situation is analogous to that of statin-treated mouse liver, where LDLR protein does not increase despite an increase in LDLR mRNA, which is attributable to an increase in hepatic and plasma PCSK9 levels ( 23 ) . In contrast to liver, the increased jejunal PCSK9 expression does not delimit the increase in LDLR protein in response to ezetimibe ( Fig. 6C ) . We speculate that this failure is due to the lower overall expression of PCSK9 in the intestine compared with the liver or that the increase in enterocyte PCSK9 mRNA does not provoke an increase in plasma PCSK9. Under any circumstance, in the current studies, IDOL trumps PCSK9 in the regulation of jejunal LDLRs.
With respect to the use of ezetimibe as a hypocholesterolemic agent in humans, these fi ndings are a mix of good and bad. The increase in HMGR and nearly all genes required for sterol synthesis is predicted to lessen the LDL-lowering capacity of ezetimibe, whereas an increase in intestinal LDL uptake is predicted to improve it. If the ameliorative effects of NPC1L1 inhibition (blockage of bulk cholesterol infl ux and increased LDL clearance) could be uncoupled from the pejorative effects (increased de novo sterol synthesis and possibly increased PCSK9), a more potent LDL-lowering agent could be achieved. Further studies into whether the regulatory sterol pools that affect each arm of this complex network, namely, SREBP processing, LXR activation, HMG-CoA degradation, and others, can be dissected from one another are warranted.
